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Abstract 

Protein phosphatase 2A (PP2A), a heterotrimeric serine/lhreonine-specific protein phosphatase, comprises a catalytic subunit 
and two distinct regulatory subunits, A and B. The primary sequence of the catalytic (C) subunit is highly conserved in evolution, 
and its function has been shown to be essential in yeast, Drosophila and mice. In many eukaryotes, the C subunit is encoded by 
at least two nearly identical genes, impeding conventional loss-of-function genetic analysis. We report here the development of a 
functional complementation assay in 5'. cerevisiae that has allowed us to isolate dominant-defective alleles of human and 
Arabidopsis C subunit genes. Wild-type human and Arabidopsis C subunit genes can complement the lethal phenotype of S. 
cerevisiae PP2A-C mutations. Site-directed mutagenesis was used to create two distinct, catalytically impaired C subunit mutants 
of the human and Arabidopsis genes. In both cases, expression of the mutant subunit in yeast prevented growth, even in the 
presence of functional C subunit proteins. This dominant growth defect is consistent with a dominant-interfering mode of action. 
Thus, we have shown that 5. cerevisiae provides a rapid system for the functional analysis of heterologous PP2A genes, and that 
two mutations that abrogate phosphatase activity exhibit dominant-defective phenotypes in S. cerevisiae. © 1999 Published by 
Elsevier Science B.V. AU rights reserved. 
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1. Introduction 

Protein phosphatase 2A (PP2A) is a member of the 
PPP family of protein serine/threonine phosphatases 

Abbreviations: AthCl, AthC3 and AthCS, Arabidopsis lhaliana 
PP2A-C genes; CDC55, S. cerevisiae PP2A B regulatory subunit gene; 
Clb2-Cdc28, B-type cyclin/cyclin-dependent kinase; cs, cold-sensitive; 
HsCa and HsCP, human PP2A-C genes; PGR, polymerase chain reac- 
tion; PPl, protein phosphatase 1; PP2A, protein phosphatase 2A; 
PP2A-C, PP2A catalytic subunit; PP2B, protein phosphatase 2B; 
PPA2, S. ponibe PP2A-C gene; PPH2] and PPH22, S. cerevisiae 
PP2A-C genes; PPH3, S. cerevisiae PP2A-like phosphatase gene; 
RTSI, S. cerevisiae PP2A B' regulatory subunit gene; SDS-PAGE, 
SDS-polyaciylamide gel electrophoresis; TPD3, S. cerevisiae PP2A A 
regulatory subunit gene; ts, temperature-sensitive; YPD, yeast peptone 
glucose medium. 
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(Barford, 1996). Purification of PP2A enzymatic activity 
from a wide variety of species typically results in the 
isolation of the PP2A catalytic (C) subunit in a complex 
with one or more regulatory subunits. A heterotrimeric 
holoenzyme comprising regulatory A and B subunits 
bound to the catalytic subunit is thought to predominate 
in vivo. Interactions between the catalytic and regulatory 
subunits have been shown to modulate PP2A activity 
both in vivo and in vitro [reviewed in Mumby and 
Walter (1993)]. Recent evidence shows that other pro- 
teins can bind to the holoenzyme or, in some cases, 
replace one or both regulatory subunits, resulting in 
altered PP2A activity [see, for example, Murata et al. 
(1997)]. The catalytic subunit exhibits a strong sequence 
similarity to protein phosphatase 1 (PPl) in regions that 
constitute the putative active site (Goldberg et al., 1995). 
Although the reaction mechanisms of PPl and PP2A 
have not yet been defined, amino acid sequence conser- 
vation, crystallographic analysis of the PPl active site 
(Goldberg et al., 1995) and biochemical analysis of the 
bacteriophage X phosphatase (Zhuo et al., 1994) have 
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Pph21p mdtdldvpniq davteqlcpt vsedmdlnnn ssdnna eefsvd dlkpgssgia 

Pph22p nxiraeidt^imh gsdedqlspt Idedmnsddg knntkarsnd edtdeeledf nfkpgssgia 

SI 120 
Pph21p dhksskplel nntninqLDq wIEhLskCep LsEddVairLC kmAvdVLqfE eNVltpInvPV 
Pph22p dhksskplkl tntninqLDq wIEhLskCep LsEddVarLC taiAvdVLqfE eNVkpInvPV 

AthCl nplngdLDr qlEqLmeCkp LgEadVkiLC dqWcalLveE yNVqpVkcPV 

Hsca md ekvfCkeLDq wIEqLneCkq LsEsqWtsLC ekAkelLtkE sNVqeVrcFV 

. HsCp md dkaftkeLDq WVEqLneCkq LnEncJVreLC ekAkelLtkE sNVqeVrcPV 

CXMSEN LD- -lE-L— C— L-E--V--LC — A— IL— E -NV— V~PV 

1 K' 52 



Pph21p TICGDVHGQF hDLlELFklG GpcPDTNyLF WSDYVDRGYY SVETVsyLVA MRVRYphRiT 

Pph22p TICGDVHGQF hDLlELFklG GpcPDTOYLF MGDYVDRGYY SVETVsyLVA MKVRYphRiT 

AthCl TVCGDIHGQF yDLiELFrIG GnaPETNVLF MGDYVDRGYY SVETVslLVA LKVRYrdRlT 

Hsca TVCGDVHGQF hDIinEUrlG GksPDnjYLF MGDYVUPGYY SVETVtlLVA UWRYreRiT 

HsCp TVCGDVHGQF hDLmELFrlG GksPDINYLF MGDYVDRGYY SVETVtlLVA LKVRYpeRiT 

CONSEN TVCSDVHSQF -DL-ELF-IG G~PDTNYLF MGDYVDRGYY SVETV~LVA LKVRY— R-T 



Pph21p ILRGNHESRQ ITQVYGFYDE CLRKYGsANV WKmFTDLFDY FPiTALVDnk IFCLHGGLSP 

Pph22p ILRGNHESRQ ITOVYGFYDE CLRKYGsANV WKmFTDLFDY FPvTALVDnk IFCLHGGLSP 

AChCl ILRGNHESRQ ITQVYGFYDE CLRKYGnANV WKyFTDLFDY LPlTALlEsq VFCLHGGLSP 

HsCa ILRGNHESRQ ITQVYGFYDE CLRKYGnANV WKyFTDLFDY LPlTALVDgq IFCLHGGLSP 

HsCP ILRGNHESRQ ITQVYGFYDE CLRKYGnANV WKyFTDLFDY LPlTALVDgq IFCLHGGLSP 

CONSEN ILESSaSSRQ ITOVYGFTOE CLRKYG-ANV WK-FTDLFDY LP-TALVD— IFXnjiGGLSP 
113 N St H' 

241 300 
Pph21p miETiDcfVRe LnRiQEVPHE GPMCDLLWSD PDDRgGWGIS PRGAGFTPGQ DVseqFNHtN 
tt>h22p miETiDc(VRd LnRiQEVPHE GPMCDLLWSD PDDRgGWGIS PRGAGPTFGQ DIseqFNHtN 
AthCl slDTlDnlRs LdRiQEVPHE GPMCDLLWSD PIXlRcGWGIS PRGAGYTFXSQ DIatqFNHnN 
Hsca siDTlDhIRa LdRiQEVPHE GPMCDLLWSD PDDRgGWGIS PRGAGYTFXSQ DIsetFNHaN 
HsCp SiDTlDhIRa LdRiQEVPHE GPtCDLLWSD PDDRgGWGIS PRGAGYTFGQ DIsetFNHaN 

CCSNSEN --DT-D-IR- L-H-QEVPHE GPMCDLqBSfi PDDR-GMSIS PBGM5YTFGQ DI FNH-N 

232 

301 ■ 360 

Pph21p dLsLIaRAHQ LVMEGYaWsh qqNWTIFSA PNYCYRCGNq AAIMEvdEnh nrqFLQYDPs 
Pph22p dLsLIaRAHQ LVMEGYsWsh qqNWTIFSA PNYCYRCGNq AAIMEvdEnh nrqFLQYDPs 
AthCl gLsLIsRAHQ LVMEGYnWcq ekNWTVFSA PNYCYRCGNm AAILEigEkm eqnFLQFDPa 
Hsca gLtLVsRAHQ LVMEGYnWch drNWTIFSA PNYCYRCGNq AAIMEldDtl kysFLQFDPa 
HsCp gLtLVsRAHQ LVMEGYnWch drNWTIFSA PNYCYRCGNq AAIMEldDtl kysFLQFDPa 

CONSEN -L-LI-RAHQ LVMEGY-W NWTIFSA PNYCYRCGN- AAIME— E FLQFDP- 

233 Q* 232 

361 377 
Pph21p vRpgEPsvsR kTPDYFL 
Pph22p vRpgEPtvTR klPDYFL 
AthCl pRqvEPdtTR WPDYFL 
Hsca pRrgEPhvTR rTPDYFL 
HsCP pRrgEPhvTR rTPDYFL 
CONSEN -R--EP— TR -TPDYFL 
293 KVTR RTPDYFL 
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identified residues required for metal ion coordination, 
substrate binding, and catalysis (see Fig. 1). 

The amino acid sequences of C and A subunits are 
highly conserved in eukaryotes as distantly related as 
Arabidopsis thaliana, humans, and yeast. Conservation 
of the A subunit function has been demonstrated pre- 
viously by complementing a 5. cerevisiae A subunit 
mutant with an Arabidopsis A subunit gene (Garbers 
et al., 1996). In the animals studied to date, both the C 
and A subunits are expressed ubiquitously and appear 
to be encoded by small and fairly homogeneous gene 
families. In plants, however, A and C subunit gene 
families are larger; the Arabidopsis genome encodes at 
least five C subunits and three A subunits [reviewed in 
Smith and Walker (1996) and Stamey and Rundle 
(1996)]. In both plants and animals, different B subunit 
isoforms are encoded by two or more unrelated gene 
families, some of which are expressed in a tissue-specific 
manner. Thus, the more variable B subunit may dictate 
substrate specificity (Mayer- Jaekel and Hemmings, 

1994) , a hypothesis supported by data showing that the 
tumor antigens of DNA tumor viruses replace B subunits 
in PP2A complexes and alter the enzyme's catalytic 
properties (Yang et al., 1991; Cayla et al., 1993; Sontag 
etal, 1993). 

PP2A activity has been shown to play a negative role 
in growth control in systems such as Xenopus, S. pombe, 
and Drosophila (Lee et al., 1991; Kjnoshita et al., 1993; 
Mayer-Jaekel et al., 1994). In S. cerevisiae, however, 
PP2A is required for entry into mitosis (Lin and Arndt, 

1995) . Two PP2A-C genes, designated PPH21 and 
PPH22, have been identified in S. cerevisiae. Inactivation 
of both genes is detrimental but not lethal unless a gene 
encoding a PP2A-like phosphatase, PPH3, is also 
mutated (Sneddon et al., 1990; Ronne et al., 1991; Lin 
and Arndt, 1995). Cells carrying a temperature-sensitive 
(ts) pph21-102 allele in a pph21 pph22 pph3 null back- 
ground retain viability but exhibit G2 cell-cycle arrest, 
reduced B-type cyclin/cyclin-dependent (Clb2-Cdc28) 
kinase activity and abnormal bud morphologies at the 
non-permissive temperature (Lin and Arndt, 1995). The 
PP2A-A subunit is encoded by a single gene, TPD3, 
and tpd3 null mutants exhibit a Ts" phenotype (van Zyl 
et al., 1992). Two B subunits have been identified; 



mutants in the 55-kDa B subunit gene CDC55 are cold- 
sensitive (cs), whereas mutants in the 56-kDa B' subunit 
gene RTSl are ts, cs and ethanol-hypersensitive (Healy 
et al., 1991; Shu et al., 1997). It is unclear why the C 
subunit is essential, whereas the A and B regulatory 
subunits are only conditionally required. 

The fact that each PP2A subunit is encoded by a 
gene family in many eukaryotes presents a significant 
impediment to conventional genetic analysis, and sug- 
gested to us that the isolation of dominant PP2A 
mutants might provide an alternative to the isolation of 
mutations in individual gene family members followed 
by the generation of multiply mutant stocks. Taking 
advantage of the high sequence conservation exhibited 
by PP2A genes and the availability of PP2A mutant 
strains of yeast, we have developed a functional assay 
for the isolation and characterization of dominant- 
defective alleles of PP2A catalytic subunit genes. We 
have demonstrated the utility of this system by the 
construction of dominant-defective PP2A-C mutants 
from Arabidopsis thaliana and from humans. 



2. Materials and methods 

2. 1. Yeast strains and plasmid constructs 

The yeast strains used in this work are listed in 
Table 1 . The yeast growth media and genetic techniques 
were as described by Ausubel et al. (1992). After lithium 
acetate transformation, yeast transformants were 
selected at 25°C on synthetic complete glucose (SCD) 
medium lacking tryptophan and uracil. Segregants that 
had lost either the pph2}-102/YCp50 construct or the 
heterologous C subunit construct were isolated by grow- 
ing cells non-selectively (on YPD or YPGalactose 
medium at 25°C), followed by replica-patching single 
colonies onto selective (SCD or SCGalactose) medium 
with or without uracil or tryptophan. Segregants were 
colony-purified and their phenotypes verified by 
restreaking on the appropriate media. 

AJl GAL constructs used in this work are derivatives 
of either YCp22GAL or YEpI 12GAL (shown in Table 1 
as pGAL/TRP/CEN and pGAL/TRP/2fi, respectively), 



Fig. 1. Companson of PP2A catalytic subunit amino acid sequences. Residues likely to be critical active site residues are underlined (Goldberg 
et al., 1995), The substitutions found in catalytic subunit mutants are shown below the consensus sequence, with bold letters indicating mutations 
generated m this work. Also shown are ppli2] and pph22 mutations conferring temperature sensitivity in S. cerevisiae (f: Lin and Arndt 1995- 
Evans and Stark, 1997) and a ppa2 mutation conferring cold sensitivity in 5. ponJ,e f: Kinoshita et al.. 1990). The sites of several mutaUons 
conferrmg okadaic add resistance are also indicated Shima et al., 1994; Kaneko et al., 1995). Numbering above each sequence block refers to 
the ammo acid sequence of Pph22p, and italicized numbering below the sequence blocks refers to the sequence of the human gene producU. Two 
additional Arabidopsis catalytic subunit sequences ( AthC3 and AthCS) were included in the sequence comparison, but are not shown in the figure. 
Residues conserved in six of the seven sequences compared are shown in the consensus sequence (CONSEN). Sequence identities and conservative 
substitutions are represented by upper-case letters, and non-conservative substitutions are shown in lower-case letters. The sequence of the peptide 
used to raise the anti-PP2A-C antibody used in these studies is shown in italics under the carboxy-terminal end of the consensus sequence GenBank 
Accession Nos: PPh21p. X5626I; Pph22p, X56262; AthCl, M69732; AthC3. M96841; AthCS, U39568; HsCa, M36951; HsCp: X12656. The 
alignment and consensus sequence were generated using the PILEUP and PRETTY algorithms of the University of Wiscoiisin GCG package. 
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Table I 
Strain list 



W303 


MATa ura3-I Ieu2-3,112 his3-U,l5 trpl-l adel-l canl-lOO 


K. Amdt 


CY3007 


MATa pph22::MIS3 pph2I::HIS3 pph3::LEm fpph21-J02/URA/CEN} m03 


Lin and Arndt (1995) 


DLY6 


MATapph22::HIS3 pph2!::HIS3 pph3::LEU2 LEV2::ADH:AthCI kan' {ppli2l-l02/URA/CENJ 


This work 


DLY8 


CY300? [ADH:AlhCIITRPICEN] 


This work 


DLY9 


CY3O07 fADH. AlliCI-anlisense/TlW/CEN] 


This work 


DLYIO 


CY3O07 fpGAL/TRP/CEN] 


This work 


DLYll 


CY3O07 [pGALITRPI2pl 


This work 


DLY12 


CY3007 [GALW:AlhCI/TJW/2pJ 


This work 


DLY13 


CY3007 fGAU0:AthCI-HII5N/TRP/2fi ] 


This work 


DLYI4 


CY3007 fGAU0:AlhCl-mA/TRP/2pj 


This work 




CY3007 fGALI :JisCx/TRP/2pJ 




DLY17 


CY3007 [CALl. HsCx/TRP/CENJ 


This work 


DLY18 


CY3007 fGALI:HsCli/TRP/CEN] 


This work 


DLY19 


CY3007 fCAU.HsCa-HlI8N/TRP/CENJ 


This work 


DLY20 


CY3007 {GAU:HsCa-R89A/TRP/CEN] 


This work 


DLY21 


DLY6 [pGALITRPPp] 


This work 


DLY22 


DLY6 fGALJ0:AlhCI/TRP/2pJ 


This work 


DLY23 


DLY6 [GA LJO.AtI, CI -HI 15N/TRP/2p J 


This work 


DLY24 


DLY6 [pGAL/TRP/CEN] 


This work 


DLY25 


DLY6 [GALlOiAihCllTRPICEN] 


This work 


DLY26 


DLY6 [GAL10:AthCl-H]lSNITRPICEN] 


This work 



isogenic yeast expression vectors carrying the 
GALI/GALIO bidirectional promoter, a TRPl selectable 
marker, and a CEN or 2|i circle origin of replication, 
respectively (Pitluk et al., 1995). Plasmid pADL302 
(,GAL10:AthC]/TRP/2n) was constructed by subcloning 
the AthCl coding sequence from pPP2A-l (a kind gift 
of Sabine Rundle) into the EcoRI site of YEpll2GAL. 
Plasmids pDMC2 and pDMC16 (GALl.HsCa/TRP/ 
CEN and GALJ.HsCa/TRP/Zpi) were constructed as 
follows: the HsCa coding sequence was amplified from 
plasmid pUC.HPP2ACaRMl (a kind gift of N. 
Andjelkovic and B. Hammings) and given BamHl clon- 
ing ends via polymerase chain reaction (PGR), followed 
by cleavage with BamHl and ligation into BamHl- 
cleaved YCp22GAL and YEpll2GAL, respectively, The 
primers used were 5' GCGGATCCTTACAGGAAGTA- 
GTCTGGGG 3' and 5' CGGGATCCATGGAC- 
GAGAAGGTGTTCACCAAGG 3'. Similarly, plasmid 
pDMC4 (GALl.HsCp/TRP/CEN) was constructed by 
PGR amplification of the HsCp coding sequence from 
plasmid pTZ18U.HFP6A2Gp (a kind gift of N. 
Andjelkovic and B. Hemmings), followed by BamHU 
subcloning into YGp22GAL, using PGR primers 5' 
GGGGATGCTTATAGGAAGTAGTGTGGGG 3' and 
5' CGGGATCGATGGACGACAAGGCGTTGAGGA- 
AGG 3'. 

To make the ADH;AthCl constructs, a 2-kb BamKl 
fragment carrying the ADH promoter and terminator 
was subcloned from pAAH5 (Ammerer, 1983) into 
pTZ19 (US Biochemical). The AthGl coding sequence 
was ligated into the unique HindlU site between the 
ADH promoter and terminator. To make plasmids 
pADL316 (ADH.AthCl/TRP/CEN) and pADL317 
(ADH. AthCl antisense/TRP/CEN), sense and antisense 



ADH:AthCl fusions were subcloned as Sphl fragments 
into YCplac22 (Gietz and Sugino, 1988). To chromo- 
somally integrate the ADH:AthGl construct, the 
pADL316 Sphl fragment was cloned into the integrating 
plasmid YIplacl28 (Gietz and Sugino, 1988), followed 
by addition of a G418 resistance cassette {Sinal-Sacl 
fragment) from pFA6-KanMX4 (Wach et al., 1994). 
The resulting plasmid (pADL340) was linearized with 
Ajni and transformed into strain CY3007, with selection 
for G418 resistance. 

2.2. Site-directed mutagenesis 

Mutants were generated using an oligonucleotide- 
mediated mutagenesis protocol (Deng and Nickoloff, 
1992). The following mutagenic oligonucleotide primers 
were used. oAthGl-Hl 15N: 5' CTGACGGCTCTCA- 
TTATTGGGTGGGAGG 3'; oAthGl-R86A: 5' GAG- 
AATAGTAGCCAGGATGTAGGTAATGTGGGATG- 
AAG 3'; oHsCa-HllSN: 5' TTCTTGGAGGGAATA- 
ATGAGAGGAGAGAG 3'; oHsGa-R89A: 5' GGG- 
AGATTATGTTGATGGAGGATATTATTCAGTT 3'. 

2.3. Immunoblot analysis 

Standard SDS-PAGE and immunoblotting protocols 
were followed (Ausubel et al., 1992). The polyclonal 
anti-PP2A-G antibody used was raised against a con- 
served carboxy-terminal peptide ( KVRRTPDYFL), and 
was a kind gift of T. Stukenberg and M. Kirschner. 
Peroxidase-conjugated goat anti-rabbit secondary anti- 
body (Jackson ImmunoResearch Laboratories) was 
detected using a standard chemiluminescence protocol. 
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3.1. Arabidopsis and human PP2A-C clones complement 
a yeast PP2A mutant 

We established a functional complementation assay 
for PP2A activity in S. cerevisiae. Strain CY3007 carries 
null alleles in both PP2A-C genes and in the PPH3 
gene, which encodes a related phosphatase; lethality of 
this triple mutation is rescued by a low-copy-number 
plasmid bearing a ts pph21 allele {pph21-102; Lin and 
Arndt^, 1995). CY3007 ceils grow at-25 or 30°C, but not 
at 35°C. We cloned Arabidopsis and human cDNAs 
encoding PP2A-C subunits into yeast expression vectors 
and tested their ability to complement the temperature 
sensitivity of strain CY3007. When expressed from the 
constitutive alcohol dehydrogenase (ADH) promoter 
and carried on a low-copy-number plasmid, the 
Arabidopsis AthCl cDNA (see Fig. 1; (Ariiio et al., 
1993) complemented the Ts" phenotype of CY3007,' 
indicating that the Arabidopsis PP2A-C subunit is func- 
tional m yeast (Fig. 2). When cloned in the antisense 
orientation, the AthCl cDNA failed to complement in 
CY3007 (Fig. 2). 

To exclude the possibility that the yeast ts allele 
contributed to complementation, we grew cells carrying 
the ADH-AthCl plasmid non-selectively and screened 
for tryptophan or uracil auxotrophy to identify segreg- 
ants that had lost either plasmid. Loss of the ADH- 
AthCl plasmid conferred a Trp" phenotype and 
restored the parental Ts" phenotype. Loss of the 
pph2 1-102 plasmid conferred a Ura" phenotype, but the 
resulting cells still grew at 35°C, as well as 25 and 30°C 
(Fig. 2). Thus, the ADH-AthCl plasmid is necessary 
and sufficient for complementing the Ts" phenotype. 




Fig. 2. Growth of strains carrying .4DH-AthCl plasmids. Yeast cells 
from single colonies were patched on duplicate plates containing YPD 
medium and grown at the temperatures shown. The PP2A-C alleles 
carried by cells in each set of patches are shown (top); Ts + , parental 
strain W303; ts, temperature-sensitive mutant strain CY3007; ts + Cl 
DLY8; ts + anti-CI, DLY9; (\s+ CI )-ts, Ura" derivatives of DLYg; 
(ts + Cl)- CI, Trp- derivatives of DLY8. Similar results were 
obtained in streak-out tests of growth of these strains. 



and IS capable of supporting normal growth in the 
absence of any yeast PP2A-C protein. 

Expression of either the AthCl or the human HsCa 
cDNA (see Fig. I; Stone et al., 1988) under the control 
of a galactose-inducible GAL promoter also comple- 
mented the Ts" phenotype of CY3007. Cells expressing 
either the Arabidopsis or human cDNA grew at 25°C 
on both glucose- and galactose-containing media and at 
35°C on galactose, but did not grow on glucose at 35°C 
(Fig. 3A and B). The sufficiency of the G.^L. AthCl 
construct was tested by segregating either the 
G.4L. AthCl or YCpSO pph21-102 plasmid. Again, loss 
of the plasmid carrying the Arabidopsis CI gene restored 
the parental Ts" phenotype. Loss of the pph21-102 
plasmid conferred a galactose-dependent phenotype; 
segregants were viable at 25, 30 and 35°C only on 
galactose-containing media (data not shown). 
Surprisingly, the human HsCp gene (see Fig. 1; 
Hemmings et al., 1988) did not provide complementing 
PP2A activity in yeast (Fig. 3B). Failure to complement 
was not due to poor expression of the HsCp protein 
since similar amounts of the HsCot and p subunit 
proteins were detected in galactose-grown cells 
(Fig. 4A). Thus, expression of either the AthCI or HsCa 
(but not HsCp) catalytic subunit gene provides the 
PP2A function in yeast ceils. 

We predict that cells expressing a catalytically active 
C subunit that was unable to interact with the endoge- 
nous yeast regulatory subunits (e.g. TPD3 or RTSl) 
would exhibit phenotypes characteristic of loss-of-func- 
tion mutations in those genes. Both tpdS and rtsl 
mutations prevent growth at 37°C (van Zyl et al., 1992; 
Shu et al., 1997); therefore, we tested the ability of cells 
expressing human and Arabidopsis PP2A-C subunits to 
grow at 37°C. Cells carrying a G^L.HsCa or 
GAL: AthCl construct were viable at 37°C, suggesting 
that these heterologous C subunits functionally interact 
with the yeast A and B' regulatory subunits (Fig. 3C). 
Cells carrying the G.4L. AthCl construct formed small 
colonies at this temperature. This small colony pheno- 
type may indicate that the AthCl protein has lower 
affinity for Tpd3p than does HsCa, however, it is also 
possible that the catalytic activity of AthCl is reduced 
at 37°C, a temperature above the normal growth range 
of Arabidopsis. 

High-level over-expression of PP2A-C mRNA has 
been shown to be toxic in S. cerevisiae, but cells express- 
ing the PPH22 gene under control of the GALl pro- 
moter grow at a normal rate (Ronne et al., 1991). We 
have not observed any strong negative growth effects of 
GAL-dmcn expression of wild-type human or 
Arabidopsis PP2A-C genes. In fact, under permissive 
conditions, cells carrying a high-copy-number GAL:C 
construct grow slightly faster in liquid media (c. 2.5 h 
doubling time) than do cells carrying the vector alone 
(c. 3 h doubling time). 
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Fig. 4. G^£-driven expression of wild-type and dominant mutant C 
subunits in yeast. Cells cariying an empty vector (-; DLYIO), and 
low-copy GALJ. HsCa (DLYI 7) and GALl. HsC^ (DLYl 8) constnjcts 
were grown in galactose, harvested, lysed, and total soluble proteins 
were extracted and subjected to immunoblot analysis (A). Wild-type 
and mutant AthCI proteins were detected after induction of the GALJO 
promoter (B). Cells carrying an empty vector (— ; DLYll) 
G^iyO.AthCI (DLY12) or G^L/O.AthCl-Hl 15N {DLYI3) were 
grown in selective raffinose medium, diluted into selective galactose 
medium at time 0, and samples were harvested after I and 3 h, as 
indicated. Cells were lysed, and proteins were extracted and analyzed 
as described above. The positions of the yeast C subunit (Pph21p) and 
the human (HsC) and Arabidopsis (AthC) C subunit proteins are 
indicated on the right of each panel. 




Fig. 3. Growth of yeast expressing heterologous C subunits under GAL 
promoter control, CY3007 transformants carrying a GALIO:MhC\ 
construct (AthCl; DLY12) or an empty vector (-; DLYll) were 
streaked on duplicate plates containing selective glucose and galactose 
medium and incubated at the temperature indicated (A). CY3007 
transformants carrying an empty vector (sector 1 ; DLYl 1 ) or low copy 
(sector 2; DLYl 7) or high copy (sector 4; DLYl 6) C/li/.-HsCct or 
low copy G^L/.HsCP (sector 3; DLY18) were streaked on duplicate 
plates containing selective glucose and galactose medium and incu- 
bated at the temperature indicated (B). CY3007 transformants carry- 
mg an empty vector (quadrant 5; DLYll), low copy (quadrant 6; 
DLYl 7) or high copy (quadrant 7; DLY16) G^^LAHsCa, or high- 
copy GALIO:AihCl (quadrant 8; DLYI2) were streaked on selective 
galactose medium and incubated at the temperature indicated (C). 

3.2. Isolation of dominant defective alleles ofPP2A-C 

We hypothesized that mutation of an amino acid 
residue involved in catalysis would produce a dominant- 



defective PP2A-C allele if substrate binding and/or 
subunit interactions were unaffected by the lesion. We 
chose a putative active site histidine (HI 15 in the 
Arabidopsis gene and HI 18 in the human sequence; see 
Fig. 1) and mutated this residue to asparagine using 
site-directed mutagenesis (see Section 2.2). Mutations 
at the analogous position abrogate catalytic activity but 
not substrate binding in calcineurin (PP2B) and X 
phosphatase (Zhuo et al., 1994; Mertz et al., 1997), two 
enzymes that exhibit a close similarity to PP2A in 
putative active site sequences. To test the activity of the 
mutant proteins, we expressed the mutant alleles under 
control of GAL promoters in strain CY3007 and assayed 
their effects on growth (Fig. 5). Cells carrying the 
G^L. AthCl-H115N construct were unable to grow on 
either galactose or glucose at 35°C (Fig. 5A), indicating 
that the mutant enzyme is defective and provides no 
catalytic activity at 35°C. More importantly, cells carry- 
ing this construct were unable to grow on galactose at 
25°C, the permissive temperature for the pph21-102 
allele (Fig. 5A) or at 30°C (data not shown). Thus, the 
defective phenotype of the H1I5N allele is dominant 
over the ts yeast PP2A allele and prevents growth at all 
temperatures tested. We have obtained the same results 
with the H118N mutant of the human Col subunit 
(Fig. 6B and data not shown). 

To test the dominance of the H115N allele with 
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DLY6 

transformants (low copy) 

Fig. 5. Growlh of ycasl cells carrying AihCl-HllSN constructs 
CY3007 (A) and DLY6 (B and C) transformants carrying an empty 
vector (-). a G^£yO. AthCI construct (+) or a G^L/O. AthCl-Hl 15N 
construct (HllSN) were streaked on duplicate plates containing selec- 
tive glucose and galactose medium and incubated at the temperature 
indicated. Plasmid carried high-copy number (2(i circle; A and B) or 
low-copy-number (centromeric; C) origins of replication. Strains used: 
DLYll. DLY12, DLY13 (A); DLY21, DLY22, DLY23 (B); DLY24. 
DLY25, DLY26 (C). Similar results were obtained in streak-out tests 
of growth of these strains. 



respect to the homologous wild-type gene, we chromo- 
somally integrated a wild-type AthCl gene under control 
of the ADH promoter. The resulting strain, DLY6, grew 
well at 30 or 35°C on glucose- or galactose-containing 
media (Fig. 5B), indicating that the integrated ADH- 
AthCl fusion supplies PP2A activity. DLY6 cells carry- 
ing the G^L. AthCI-H115N construct on a high-copy- 
number plasmid grew on glucose-containing media at 
either 30 or 35°C, but failed to grow on galactose at 
either temperature (Fig. 5B). Thus, the H115N allele is 
dominant over a wild-type AthCl allele. The expression 




Fig. 6. Growth of yeast cells carrying dominant PP2A-C mutants, 
CY3007 transformants carrying wild-type and mutant (H115N 
and R86A) GALIOAl'nC] constructs (A: strains DLY12. DLY13 and 
DLYH) or wild-type and mutant (HI ISN) G4I./.HsCot constructs 
or wild-type C^iAHsCp (B: strains DLYI?, DLY19 and DLY18) 
were streaked on duplicate plates containing selective galactose 
medium and incubated at the temperature indicated. Similar results 
were obtained in streak-out tests of growth of these strains. 

level of the mutant protein influenced the strength of 
the dominant-defective phenotype, as a low-copy- 
number AthCl-H115N plasmid caused a weaker, but 
still clearly detectable, inhibition of growth (Fig. 5C). 
This copy number effect is consistent with the dominant- 
interfering activity of the mutant proteins. 

To show that both the mutant and endogenous 
PP2A-C subunits are expressed in galactose-grown cells, 
we used immunoblotting to assay PP2A-C subunit levels 
after galactose induction of cells carrying mutant and 
wild-type G^L;a AthCl constructs (Fig. 4B). We have 
obtained the same results with wild-type and H118N 
mutant human HsCa (data not shown). Wild-type and 
mutant PP2A-C proteins accumulate to comparable 
levels after galactose induction, and appear equally 
stable over a 9-h time course (data not shown). 

To determine whether other active site mutations also 
would confer a dominant-defective phenotype, we intro- 
duced a lesion at a position thought to be essential for 
binding of the phosphorylated substrate. Conversion of 
an active site arginine to alanine in the X phosphatase 
causes a 2Q-fold decrease in binding of a synthetic 
substrate and a 500-fold catalytic defect (Zhuo et al, 
1994). We introduced the same mutation (R86A in the 
Arabidopsis protein and R89A in the human protein; 
see Fig. 1) into our wild-type G.4Z,.PP2A-C constructs 
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and tested the activity of the mutant constructs as 
described above. Cells carrying AthCl-R86A failed to 
grow on either glucose or galactose at 35°C (Fig. 6 and 
data not shown), showing that, like the H115N allele, 
this mutant provides no complementing phosphatase 
activity at 35°C. Expression of the R86A allele also 
blocked growth of CY3007 cells at 25°C (Fig, 6A). The 
R86A mutant protein accumulates to levels comparable 
to those of the wild-type and H118N proteins after 
galactose induction (data not shown). These data show 
that the R86A mutation is also dominant-defective, and 
we have obtained similar results with the human HsCa- 
R89A mutant (data not shown). In contrast, the HsCP 
provides no complementing phosphatase activity at 35°C 
and does not exhibit a dominant-defective phenotype 
(Fig. 6B). 



4. Discussion 

We have used yeast to screen for dominant-defective 
mutants of the PP2A catalytic subunit. We have shown 
that both Arabidopsis and human PP2A genes comple- 
ment a ts mutation in a yeast PP2A-C gene. Constitutive 
or inducible expression of a heterologous PP2A-C sub- 
unit gene is sufficient to allow growth of yeast cells in 
the absence of any yeast PP2A-C protein. Site-directed 
mutagenesis of the Arabidopsis and human PP2A-C 
genes yielded catalytically inactive alleles that exhibited 
dominant phenotypes. Expression of the dominant- 
defective phenotype was influenced by copy number, 
consistent with a dominant-interfering effect of the 
mutant gene products. 

The robust growth of yeast cells in which PP2A 
function is supplied by a heterologous C subunit protein 
indicates that sequences required for specific and func- 
tional interaction with essential substrates are conserved 
between the yeast, Arabidopsis and human PP2A-C 
subunits. The predicted amino acid sequences of the C 
subunit gene products show a very high degree of 
similarity, 80-90% over the length of the Arabidopsis 
and human sequences. Both yeast proteins carry amino- 
terminal extensions that are approximately 70 amino 
acids in length and serve unknown functions. Our work 
shows that the extensions are not required for essential 
PP2A functions in 5. cerevisiae since the Arabidopsis 
and human clones are expressed from their native start 
codons. Complementation also reveals that critical 
recognition features of the substrate proteins are con- 
served. The full range of PP2A substrates required for 
growth of yeast cells is not known, but the available 
evidence suggests that essential substrates include pro- 
teins involved in bud morphogenesis, cytoskeletal organ- 
ization and entry into mitosis (Ronne et al., 1991; Lin 
and Arndt, 1995; Evans and Stark, 1997). Finally, we 
tested the competence of the human and Arabidopsis C 



subunits to interact with the endogenous yeast regula- 
tory subunits by assaying for growth at the restrictive 
temperature for the tpdS (A subunit) and rlsl (B' 
subunit) mutants. Our data support the hypothesis that 
sequences required for interaction with regulatory sub- 
units also are conserved in these heterologous proteins, 
consistent with earlier observations that an Arabidopsis 
A regulatory subunit complements a tpd3 null allele in 
cells expressing wild-type yeast C subunits (Garbers 
et al., 1996). 

Although the human HsCa subunit supports growth 
of yeast, the HsCP subunit does not provide comple- 
menting PP2A activity in S. cerevisiae. The non-comple- 
menting phenotype of the CP subunit construct is 
surprising because only eight residues differ in the pre- 
dicted amino acid sequences of the Ca and CP subunits. 
Most of the substitutions are conservative changes in 
sequences not known to be essential for PP2A function. 
However, it has recently been shown that mice homozy- 
gous for a PP2A-Cot null mutation die during embryo- 
genesis, despite significant levels of CP subunit 
expression (Gotz et al., 1998). Thus, failure of the CP 
subunit to complement in yeast may reflect functional 
specificity in vivo. 

We used site-directed mutagenesis to create two domi- 
nant-defective alleles of PP2A (Hi 1 5N or HI 18N and 
R86A or R89A). Target residues for mutagenesis were 
chosen on the basis of putative active site function 
(Goldberg et al., 1995) and biochemical analysis of 
mutants of the bacteriophage X phosphatase (Zhuo 
et al., 1994). Both mutants were inactive in our comple- 
mentation assay, indicating loss of catalytic activity. 
The H115N/H118N mutant exhibited a strong domi- 
nant-defective phenotype, whereas the R86A/R89A 
mutant displayed a slightly weaker dominant-defective 
phenotype. Preliminary microscopic characterization of 
cells expressing the H115N/H118N allele reveals abnor- 
mal bud morphologies similar to those exhibited by 
PP2A-depleted cells (Ronne et al., 1991) or cdc55 
mutant cells (Healy et al., 1991), consistent with the 
hypothesis that these cells undergo growth arrest due to 
loss of PP2A function (D. Lizotte, A. DeLong, unpub- 
hshed). The H115N mutant of AthCl was dominant in 
the presence of a constitutively expressed wild-type copy 
of AthCl, showing that the dominant-defective pheno- 
type was not specific to the Pph21-102p protein. A 
partially dominant mutant of 5". pombe PP2A-C has 
been isolated previously. A high dose of this cold- 
sensitive (cs) ppa2 allele was shown to arrest growth 
under non-permissive conditions, and to retard growth 
and reduce cell size under permissive conditions 
(Kinoshita et al., 1990). The basis of the mutant's 
partial dominance is unknown. However, expression of 
the cs allele increased okadaic acid sensitivity mildly, 
suggesting a dominant-interfering mechanism 
(Kinoshita et al., 1993). 
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The severity of the dominant growth defect phenotype 
was clearly affected by the copy number of the mutant 
and wild-type genes, consistent with the hypothesis that 
the dominant-defective enzyme competes with the func- 
tional C subunits for substrates or regulatory subunits. 
Either a substrate sequestration or a regulatory subunit 
titration model could account for the data we have 
presented here. The HsCa-H118N mutant has been 
independently constructed and shown to be catalytically 
inactive despite normal substrate binding characteristics 
(H. Chung, D. Brautigan, pers. commun.). Equivalent 
mutants of X phosphatase and calcineurin display the 
same biochemical characteristics, but have not been 
assayed for phenotypes in vivo (Zhuo et al.. 1994; Mertz 
et al., 1997). In contrast, a \ phosphatase mutant 
equivalent to the R86A/R89A mutant constructed here 
exhibits a 20-fold decrease in substrate binding and a' 
catalytic defect less severe than that of the histidine 
mutant (Zhuo et al., 1994). The weaker phenotype of 
the R86A/R89A mutant may indicate that substrate 
binding contributes to, but is not essential for, the 
dominant phenotype. A biochemical analysis will be 
required to resolve these questions. Interestingly, the 
HsCp subunit does not provide complementing PP2A 
activity, but is not dommant-defective. This result sug- 
gests that the factors required for functional complemen- 
tation also are required for the dominant-defective 
phenotype, and argues against the hypothesis that any 
non-functional C subunit may exert a dominant effect. 
The partially dominant mutation conferring cold sensi- 
tivity on S. pombe PP2A-C maps to a conserved region, 
but does not affect a residue known to play a role in 
substrate binding or catalysis. 

An alternative hypothesis is that the expression of 
heterologous PP2A-C subunit proteins down-regulates 
synthesis of endogenous C subunit protein. Loss of 
Pph21p expression would be tolerated in the presence 
of functional heterologous C subunits, but would be 
lethal in the presence of catalytically inactive mutants. 
A post-transcriptional autoregulatory mechanism limit- 
ing PP2A-C expression in mammalian cells has been 
reported recently (Baharians and Schonthal, 1998), and 
it is unclear whether a similar mechanism is operative 
in yeast. However, we have not observed down-regula- 
tion of endogenous C subunit protein . levels in cultures 
expressing wild-type, dominant-defective, or non-com- 
plementing C subunits under GAL promoter control 
(D. Lizotte, A. DeLong, unpublished). Furthermore, a 
significant level of PP2A-C over-expression has been 
achieved in 5. pombe (Kinoshita et al., 1993), and 
induction of high levels of PP2A-C mRNA is lethal in 
iS. cerevisiae, suggesting that the C subunit protein is 
indeed over-expressed (Ronne et al.. 1991). Thus down- 
regulation of endogenous C subunit levels does not 
account for the dominant-defective phenotype. 

We have shown that yeast provides a functional asSay 
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system for heterologous PP2A-C genes; this system is 
likely to be generalizable, given the high conservation 
of C subunit sequences. We have isolated dominant- 
defective mutants of PP2A genes from Arabidopsis and 
humans, and we plan to use these mutants to analyze 
PP2A functions in whole plants and in mammalian 
tissue culture cells. This genetic system may also prove 
useful for analyzing interactions between heterologous 
or homologous catalytic and regulatory subunits of 
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